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ABSTRACT

NMR Characterizations of Candidate Battery Electrolytes
by
Stephen Muñoz

Advisor: Steve Greenbaum
Enormous strides have been made in next-generation power sources to build a more
sustainable society. Energy storage has become a limiting factor in our progress, and there
are huge environmental and financial incentives to find the next step forward in battery
technology. This work discusses NMR methods for characterizing materials for use in
battery application, with a special focus on relaxometry and diffusometry. Examples are
provided of various recent investigations involving novel candidate electrolyte materials with
different collaborators. Works discussed in this thesis include: the characterization of a new
disruptive solid polymer electrolyte technology, investigations of the dynamics of super
concentrated aqueous electrolytes, and studies of glyme-based electrolytes. Experimental
results are interpreted and the impact on the continued development of the materials is
analyzed.
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Chapter 1. Batteries and Their Components
1.1 Introduction
The need for reliable renewable energy sources becomes more and more apparent
every day. Environmental, business, and political incentives have driven enormous strides
forward in next-generation power; the effectiveness of these energy sources is closely
dependent on the existence of effective batteries. Electric vehicles alone are projected to
create a $240B niche in the battery and fuel cell industry within the next 20 years. For grid
application, renewable sources such as wind, solar, or tidal show enormous promise as
alternatives to fossil fuels, with one important caveat – they are not able to provide a
continuous, stable flow of energy on their own. The intermittent nature of these sources
precludes their easy integration into existing energy infrastructure, and the natural solution
is scalable, efficient energy storage, so that excess energy can be stored when available,
and drawn upon at a later time. This is one of many driving forces behind the constant
need for better batteries.
In addition, much of the existing battery industry is focused on personal electronic
devices. In recent years, news about batteries has been dominated by their safety issues,
with airline bans on hoverboards and certain phones, and videos of exploding e-cigarettes.
These problems are a direct consequence of the intense pressure on the industry to make
slimmer, more powerful devices every year; batteries are pushed to their safety limits, such
that they become very vulnerable to these failure events.
This work will focus on the characterization of next-generation battery materials,
with a special focus on novel electrolytes which emphasize paradigm shifts in battery
technology. The first project covered focuses on an innovative solid-polymer electrolyte for
use with lithium ion batteries, offering the significant advantages associated with solid-state
batteries, without the historically associated performance drawbacks. The next project is an
1

investigation of super-concentrated aqueous electrolytes, which carry the possibility of
batteries which are much safer and much cheaper to produce. The final project discussed in
this work features glyme-based battery electrolytes, which show promising compatibility
with novel battery chemistries.
1.2 Battery Overview
Before exploring further how a move can be made to more effective batteries, it is
important to establish how batteries work. A battery is a device which can store energy in
the form of chemical potential, and convert it when needed into useful electrical energy. In
a simple picture, a battery consists of one or more cells, each of which contains three main
components: an anode, a cathode, and an electrolyte separating them.

Fig. 1: Basic components of a battery

In this picture, when the battery is discharged to power a device, charged ions
migrate through the electrolyte, to the electrodes for reduction or oxidation, depending on
whether the battery is charging or operational. The electrolyte is designed to conduct ions,
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but not electrons. In this way, the electrons are forced to flow along the external circuit,
facilitating the redox reactions; this provides current for the device.
1.3 Lithium-Ion Batteries
The now-ubiquitous lithium-ion battery, found in most personal devices, is based
upon this general principle. Secondary (or “rechargeable”) lithium ion batteries offer energy
densities superior to those of other commercial battery chemistries, which accounts for their
widespread adoption in devices where size and weight are at a premium. However, despite
its market penetration and the decades of research since its inception, there is significant
parameter space to explore for each component to further development of more effective
and efficient Li-ion batteries.
1.3.1 Lithium-Ion Battery Electrodes
The electrodes used in lithium-ion batteries determine the electrochemical reactions
forming the basis of its function.
Graphite has prevailed as the anode of choice in Li-ion batteries for decades(1). It
provides a combination of affordability, low volume expansion, and good electrochemical
performance.
It should be noted that Li-metal anodes offer almost an order of magnitude
improvement in theoretical energy density over the conventional graphite-based ones(2-4). A
major caveat with these devices is the evolution of lithium dendrites. This occurs when the
lithium ions moving between the electrodes do not plate properly, instead building up on the
surface of the electrodes until they create a short circuit through the electrolyte.
Cathodes are selected to best target the needs of the application, but most are based
on oxides or phosphates of lithium and transition metals such as Ni, Mn, or Co. The relative
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concentrations of the transition metals shape the associated energy density, cost, and
expected battery lifetime(1).
The redox reactions for a common lithium-ion battery can then be given in equation
1.
𝐴𝑛𝑜𝑑𝑒: 𝐿𝑖𝑥 𝐶 ↔ 𝐶 + 𝑥𝐿𝑖 + + 𝑥𝑒 −
𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 𝐿𝑖1−𝑦 𝑀𝑂2 + 𝑥𝐿𝑖 + + 𝑥𝑒 − ↔ 𝐿𝑖𝑀𝑂2
𝑥
𝑥
𝑇𝑜𝑡𝑎𝑙: ( ) 𝐿𝑖𝑥 𝐶 + 𝐿𝑖1−𝑦 𝑀𝑂2 ↔ 𝐿𝑖𝑀𝑂2 + ( ) 𝐶 + 𝑒𝑛𝑒𝑟𝑔𝑦
𝑦
𝑦

(1)

Here M represents the transition metals (or mixture thereof) and x and y represent
the molar capacities of the electrodes.
1.3.2 Lithium-Ion Battery Electrolytes
The electrolyte is of particular interest to this work, as it represents a significant
contributor to the cost and safety issues associated with lithium-ion batteries. Certain
criteria have been proposed to qualify a given lithium-ion battery design for commercial
use(5). These batteries must have a wide enough electrochemical window to support the
electrochemical reactions driving energy storage and withdrawal (Generally, 0-5 V is
considered to be sufficient). They must have low reactivity with the electrodes, which can
be facilitated by the formation of a solid electrolyte interphase (SEI). They must be ionically
conductive (around 1 mS/cm) such that internal resistance does not impair operation of the
battery. The associated lithium-ion transference numbers (describing the fraction of charge
carried by lithium ions) should be as close to unity as possible, to prevent polarization of the
material. Finally, they must be stable between -40°C and 70°C to be considered versatile
enough for commercial application.
To meet these criteria, current state-of-the-art technology typically employs a
lithium salt in organic solution as electrolyte. Examples of such solvents include ethyl
4

carbonate, dimethyl carbonate, propylene carbonate, or some combination thereof.
Common salts used include lithium hexafluorophosphate (LiPF6) or lithium
bis(trifluoromethanesulfonyl)amide (LiTFSI). These combinations are chosen to provide the
best conductivity (a requirement for acceptable power density) while remaining compatible
with the chosen electrodes.
The electrolyte is something of a bottleneck in the advancement of battery
technology, especially with regards to solid-state and alternative-chemistry batteries(6, 7).
These organic solutions are volatile, and vulnerable to something called “thermal runaway”.
If temperatures in the device somehow exceed the allowed safe value, either because of
overcharging, short circuit, damage, or even small flaws in its construction, the electrolyte
can undergo catalytic reaction and decompose to create various gases, resulting in possible
fire and/or explosions. Such safety issues resulted in highly-publicized events which
completely halted all sales of the Samsung Galaxy Note 7 in 2016, dominating the news for
weeks and representing an enormous financial and brand embarrassment for the company.
These issues continue to this day with hoverboards, e-cigarettes, and other such batterypowered devices.
The projects in this work will focus mainly on characterization of several different
electrolyte types developed by collaborators for use in “next-generation” batteries. These
electrolytes take different approaches to known problems in the lithium ion electrolyte
technology.
1.3.2.1 Aqueous Electrolytes
In contrast to the organic solvents used in today’s state-of-the art Li-ion batteries,
an aqueous solvent would provide significant safety and cost benefits. The selfextinguishing nature of aqueous solvents would remove the threat of thermal runaway; dry
rooms would naturally be unnecessary for manufacture. The caveat with these electrolytes
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is that the electrolysis of water occurs at a potential difference of 1.23 V. This voltage
window is far too small to support the electrochemical reactions necessary for good battery
operation, resulting in severely limited energy density and the need for more cells in series,
with resultant higher cost.
1.3.2.2 Glyme-Based Electrolytes
Glyme-based electrolytes have been suggested as an alternative battery electrolyte
solvent due to their compatibility with novel battery chemistries, such as lithium-sulfur(8, 9)
or sodium based batteries. They display good thermal and electrochemical properties for
battery application(10) and serve as an excellent low-molecular weight analogue of the
popular electrolyte base polyethylene oxide (PEO).
1.3.2.3 Solid Polymer Electrolytes
Solid polymer electrolytes have been suggested as an alternative to the commercial
organic liquid solvents which would offer an array of advantages and represent a paradigm
shift in the battery industry. In addition to the safety and cost benefits, solid state batteries
would offer access to interesting battery geometries and compatibility with new families of
electrodes; this would open up new avenues to explore in fine-tuning the characteristics of
these batteries(11, 12).

6

An ideal solid-state lithium-ion conductor would have the following properties, as
proposed by Tenhaeff and Kalnaus(13):
1. High Li+ conductivity
2. Low electronic conductivity
3. High Li+ transference number
4. Compatibility with electrodes
5. Wide electrochemical window
6. Thin
7. Mechanically robust
8. Practical for production/processing
9. Cost-efficient
Some of these are self-explanatory, but a short explanation here will provide context
(relevant members of this list will be explored more fully as necessary for the projects in
this work). The high Li+ conductivity allows the power densities required for commercial
battery use. A low electronic conductivity prevents self-discharge of the battery. The high
transference number is necessary to prevent polarization of the material, leading to power
loss. Incompatibility with the electrodes would impair the necessary redox reactions, or
result in undesirable reactions. A wide electrochemical window (as addressed earlier) is
necessary for acceptable energy density. A thin material reduces the internal resistance.
Mechanical robustness is necessary to prevent the formation of lithium dendrites (which can
short out a battery), and is also needed to minimize the negative effects of electrode
volume changes. Finally, the last two items on the list are necessary to make a battery
attractive for commercial production.
Historically, solid-polymer electrolytes have demonstrated poor conductivities at
room temperatures, limiting the power density of batteries in this family (14). A novel solid
polymer electrolyte developed by Ionic Materials Inc. displays room temperature
7

conductivities competitive with the traditional organic liquid electrolytes. In addition, this
material shows compatibility with the aforementioned Li-metal anodes, meaning that these
batteries could offer better performance than today’s commercial batteries, at lower cost.
1.3.2.4 Other Alternative Electrolytes
It should be made clear that this is not a comprehensive list of electrolyte candidates
for new ways forward in battery technology. Materials such as ceramic garnets have
attracted much attention in recent years, for various reasons. NASICON (sodium super
ionic conductors) and LISICON (lithium super ionic conductors) carry promise as solid
electrolytes which can offer conductivities approaching those needed for commercial
application. Ionic liquids offer tunable properties along with safety advantages. Inorganic
electrolytes also offer some advantages, but in all of these cases, there are significant
drawbacks (most notably brittleness and poor stability) which have yet to be overcome(15).

8

Chapter 2. Nuclear Magnetic Resonance
2.1 Nuclear Magnetic Resonance Basics
Nuclear magnetic resonance (NMR) is a robust tool and unique, non-invasive method
of probing certain characteristics of materials. It is well-suited to examining behavior at
time and length scales relevant to the structural and dynamical properties. These
properties can shed light on both the mechanisms by which the electrolytes perform as they
do, as well as suggest possible solutions to deficiencies.
NMR is based on the behavior of nuclear spins. Nuclei of non-zero spin possess
magnetic moments 𝝁, and spin angular momenta I. This magnetic moment can be
expressed (aligned along some arbitrary z-axis) through the following equation:
𝜇𝑧 = 𝛾𝐼𝑧

(2)

Here 𝛾 is the gyromagnetic ratio, an intrinsic value which represents the ratio of
magnetic moment to spin for each given nucleus. As will be seen later, this is what enables
a choice of which element and isotope to examine when performing NMR experiments. It is
also important to note that the spin angular momentum is a quantized value, ranging from I to I in steps of 1, which means that the magnetic moment itself will be a quantized value
as well.
In the absence of external magnetic fields, such a magnetic moment will not have
any preferred orientation. However, if it is placed in an external magnetic field 𝐵0 , the
Zeeman effect will result in a splitting of energy levels of the system, as follows:
𝐸 = −𝝁 ∙ 𝑩𝟎 = −𝛾𝑰 ∙ 𝑩𝟎

(3)

In the case where 𝜇𝑧 and 𝐵0 are aligned (which applies in laboratory experiments,
since the z-axis can simply be chosen to be in the same direction as 𝐵0 ), this reduces to
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𝐸 = −𝜇𝑧 𝐵𝑧 = −𝛾𝐼𝑧 𝐵𝑧

(4)

According to quantum mechanics, the spin angular momentum 𝐼𝑧 can be related to
the magnetic quantum number m as follows:
𝐼𝑧 = 𝑚ℏ

(5)

Where ℏ is the reduced Planck constant. The magnetic quantum number is, of
course, quantized just as the spin angular momentum, with (2l+1) possible values (l being
the orbital angular momentum quantum number). Therefore, the energy levels can be
expressed as:
𝐸 = −𝜇𝐵𝒛 = −𝛾𝑚ℏ𝐵𝒛

(6)

And the difference in energy between two adjacent levels will be:
∆𝐸 = 𝛾ℏ𝐵𝑧

(7)

Here it is clear that this quantized energy difference is dependent only upon the
external magnetic field and the gyromagnetic ratio of the nucleus in question. It should
then be possible to excite this nucleus if an amount of energy equal to ∆𝐸 is applied. The
Planck-Einstein relation expresses the energy of a photon in terms of its frequency:
𝐸 = ℏ𝜔

(8)

𝜔 = 𝛾𝐵𝑧

(9)

Now, combining (7) and (8):

Which gives the frequency of RF pulse which will satisfy the resonance condition for a
given nucleus in a given external magnetic field. This is known as the “Larmor frequency”.
It can be helpful to now take a look from the classical point of view at the same
situation. If a nucleus with spin is placed in a magnetic field, the field will exert a torque
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upon it, and the spin will be driven to precess about the direction of the field (in much the
same way a spinning top will precess in a gravitational field).

Fig. 2: Precession of a spin in a magnetic field

This torque (here ζ to avoid confusion with NMR convention) is expressed as:
𝛇 = 𝝁 × 𝑩𝟎

(10)

The frequency of precession of the nucleus in question will be equal to the Larmor
frequency.
Up to this point, the situation has only involved one nucleus. However, NMR
experiments in the laboratory involve a large number of nuclei, necessitating a statistical
analysis. Applying Boltzmann statistics, the population ratio of two given energy levels A
and B can be described as:
∆𝐸
𝑁𝐵
= 𝑒 𝑘𝐵 𝑇
𝑁𝐴

(11)

Here 𝑁𝐵 represents the number of nuclei in the higher energy level, 𝑁𝐴 the number of
nuclei in a lower energy level, 𝑘𝐵 the Boltzmann constant, and 𝑇 the temperature. Under
normal laboratory conditions (room temperature and laboratory field strengths) the
populations are comparable, with 𝑁𝐴 tending to be slightly greater than 𝑁𝐵 . This population

11

difference is only on the order of parts per million (10-6), but this is enough for NMR
spectrometers to manipulate and acquire signal.
Now the total net magnetization M can be defined as the weighted sum of the
possible nuclear magnetic moments:

(12)

𝑴 = ∑ 𝝁𝒊
𝑖

Or, in our case of two energy levels A and B:

𝑴 = ∑ 𝝁𝑨 + ∑ 𝝁𝑩
𝑖

(13)

𝑗

At equilibrium in an external field, M will align itself along 𝑩𝟎 (or antiparallel,
depending on whether the gyromagnetic ratio is negative or positive). This is the
equilibrium magnetization 𝑴𝟎 . It must be noted that 𝑴𝟎 will have no components
orthogonal to 𝑩𝟎 :
𝑀𝑧 = |𝑴𝟎 |

(14)

𝑀𝑥 = 0

(15)

𝑀𝑦 = 0

(16)

In NMR, a solenoid is oriented perpendicular to the external static magnetic field for
the purpose of generating a radio frequency (rf) pulsed oscillating magnetic field 𝑩𝟏 . The
net magnetic field can then be expressed as the sum of the external field and the rf field
(orthogonal to the original field):
𝑩𝒕𝒐𝒕𝒂𝒍 = 𝑩𝟎 + 𝑩𝟏

(17)

The frequency of this rf field is chosen so as to satisfy the resonance condition for
the nuclei of interest. Now, if a rotating frame of reference is chosen such that the
precessional movement of the spins is cancelled out (rotating at the Larmor frequency, thus
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“ignoring” the presence of 𝑩𝟎 ), the spins will appear to attempt to precess about only 𝑩𝟏 ,
which will have the effect of gradually tilting the net magnetic moment down towards the
orthogonal plane in this rotating frame, displacing it from its equilibrium position.
The angle of rotation can be controlled through varying the strength of the applied rf
field (𝑩𝟏 ) and the amount of time it is pulsed (τ), as follows:
𝜃 = 2𝜋𝛾𝜏|𝑩𝟏 |

(18)

As will be described below, it is common to engineer the applied pulse such that the
net magnetic moment is rotated 90 degrees (this is known as a 90° pulse or

𝜋
2

pulse). At

this point, the net magnetization will exist entirely in the xy-plane, and 𝑀𝑧 will be zero, in
contrast to equations 14, 15 and 16(16, 17).
2.2 Relaxation
Now that it has been established how the net magnetic moment can be perturbed
away from equilibrium, it becomes extremely important to examine how they return back to
equilibrium (a process known as “relaxation”) in the absence of the perturbation. When the
rf field 𝑩𝟏 is turned off, the net magnetic moment will once again be driven back toward its
equilibrium state. This relaxation can be broken up into 2 components: the recovery of 𝑀𝑧
from zero back up to its maximum value, and the decay of 𝑀𝑥𝑦 (the net magnetization in the
xy-plane) to zero from its maximum.
First examining the behavior of 𝑀𝑧 , in the perturbed state there will be some spins in
the “higher” energy levels that will need to shed their excess energy for the net
magnetization to return to equilibrium. Since the radio frequencies involved are small
relative to

𝑘𝑇
ℎ

, spontaneous emission is negligible and stimulated emission dominates. This

can come in many forms, but is usually caused by fluctuations in the magnetic field
experienced by that particular molecule (due to random tumbling of the molecule) or, for
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the case of nuclei with quadrupole moments (only when spin > ½), electric field gradients.
There are many sub-categories involved, but these all fall under the umbrella term of “spinlattice relaxation”. The behavior of 𝑀𝑧 as a function of time can be expressed as:

𝑀𝑧 = |𝑴𝟎 | (1 − 𝑒

𝑡
−
𝑇1 )

(19)

Here t represents the time elapsed after 𝑩𝟏 is extinguished, and 𝑇1 is the
characteristic time constant. The easier it is for the spins to shed their energy to the lattice,
the shorter 𝑇1 will be.

Fig. 3: Spin-lattice relaxation

An “inversion recovery” pulse sequence can be used to measure the T1
values. An inversion recovery sequence works by completely inverting the signal from
equilibrium using a 180° pulse. The signal, which is in the -z direction and therefore
relaxing according to T1 processes, is allowed to recover for a certain amount of “inversion
time”, and then sampled using a 90° pulse. Varying the inversion time, it is possible to
measure the difference in signal amplitude as a function of inversion time, and to calculate
T1 using equation (19).
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Fig. 4: Inversion recovery

Fig. 4 above shows a typical result for an inversion recovery set. These data were
acquired measuring the T1 of

F in a polymer electrolyte which will be discussed in more
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detail in chapter 3. Since the signal has been inverted completely into the negative zdirection, rather than 90° into the xy-plane, the equation describing the recovery will be
adjusted:

𝑀𝑧 = |𝑴𝟎 | (1 − 2𝑒

𝑡
−
𝑇1 )

(20)

Examining next the behavior of 𝑀𝑥𝑦 , in the perturbed state will have some net
magnetization in the xy-plane. In the absence of 𝑩𝟏 , this net xy-magnetization will
experience an exponential decay in a fashion similar to the z-direction spin-lattice
relaxation. This form of relaxation, called “spin-spin relaxation”, occurs due to a dephasing
of the spins in the xy-plane, due both to the same interactions that cause spin-lattice
relaxation and to local inhomogeneities in the experienced magnetic field. It is possible to
describe the two evolutions separately as:

𝑀𝑥 = −|𝑴𝟎 | cos(𝜔0 𝑡) 𝑒

𝑡
−
𝑇2

(21)
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𝑀𝑦 = −|𝑴𝟎 | sin(𝜔0 𝑡) 𝑒

𝑡
−
𝑇2

(22)

However, as they occur simultaneously in time it is common to express them
together as:

𝑀𝑥𝑦 = 𝑀𝑥𝑦0 𝑒

𝑡
−
𝑇2

(23)

Here 𝑀𝑥𝑦0 represents the initial net magnetization in the xy-plane, just as the rf pulse
terminates, and 𝑇2 is the characteristic time constant for spin-spin relaxation. In general,
𝑇2 < 𝑇1 , meaning that xy-plane relaxation will progress faster than z-axis relaxation.

Fig. 5: Spin-spin relaxation

T2 information can be determined using a Carr-Purcell-Meiboom-Gill (CPMG)
sequence, varying time interval τ as appropriate to each sample. The CPMG sequence is
essentially a train of “spin-echoes”. These spin echoes are 180° pulses (that is, the rf is
pulsed for long enough to rotate the net magnetization by 180°) which flip the signal back
and forth within the xy-plane.
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Fig. 6: CPMG pulse sequence

Attenuation of the net magnetization due to 𝑇2 effects includes the random tumbling
of the molecules, any applicable quadrupolar interactions (discussed further in the following
sections), as well as local inhomogeneities in the magnetic field. When the net magnetic
moment is flipped, the effects of the local inhomogeneities are reversed, and they will tend
to refocus the magnetization in the xy-plane (atomic tumbling and quadrupolar interaction
will still serve as attenuating factors). If acquisition is timed so as to occur at the point of
best refocusing, attenuation of the signal due to local inhomogeneities can be mitigated,
such that the inherent T2 processes of the material can be isolated. As more spin-echoes
are added, it is possible to track how much the signal amplitude attenuates according to
these T2 processes. Fitting these measurements to equation (23) will determine the
characteristic T2 value.
Relaxation rates can serve as a limiting factor on experimental parameters. If a
good signal-to-noise ratio is desired, it can be helpful to repeat an experiment many times
and average the results. However, for this method to work, enough time must be given in
between each run to allow the magnetization to recover completely (known as the delay
time or relaxation delay) – otherwise there would be less initial magnetization to rotate into
the xy-plane, and therefore less signal. In addition, certain more complicated pulse
sequences (some of which will be explored in the following sections) necessitate that the net
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magnetization be held in the xy-plane for some time, experiencing T2 relaxation all the
while. If too much time is spent on these steps, the signal can die out completely before
ever being acquired and processed.
Furthermore, there is a certain amount of dead time on the rf coil between when it
can send a pulse and when it can safely acquire data. If significant spin-spin relaxation
occurs during this time, it can severely affect the signal to noise ratio of the measurement.
The spin-echo, mentioned above, can be used to mitigate this effect.
2.2.1 Dipole-Dipole Interaction
It becomes important to understand the details surrounding dipole-dipole coupling,
as it can have profound implications on how certain systems might best be studied using
NMR. The potential energy between two magnetic dipoles m1 and m2 can be represented as

𝐸=

𝜇0
[(𝑚
⃗⃗⃗⃗⃗1 ∙ ⃗⃗⃗⃗⃗
𝑚2 )𝑟 −3 − 3(𝑚
⃗⃗⃗⃗⃗1 ∙ 𝑟)(𝑚
⃗⃗⃗⃗⃗1 ∙ 𝑟 )𝑟 −5 ]
4𝜋

(24)

Substituting in equation 1, the Hamiltonian can be expressed in spherical coordinates
as

𝐻=

𝜇𝛾𝛾ℏ
(𝛽𝐴 + 𝛽𝐵 + 𝜀)
𝑟

(25)

Here 𝜀 represents a set of non-secular terms which are usually negligible. A and B
represent the heteronuclear and homonuclear spin interactions, respectively; both have the
angularly dependent prefactor
𝛽 = (1 − 3𝑐𝑜𝑠 2 𝜃)

(26)

These terms can be strong enough to significantly influence spectra obtained through
NMR – especially in investigations of solid-state materials. In these cases, there is not
enough random motion of the spins to cancel out these interactions, resulting in a
(symmetrically) broader spectrum.
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These effects can make it difficult to discern between different signal peaks, but it is
possible to compensate for them using a technique called Magic Angle Spinning (MAS). The
secular angularly dependent factor 𝛼 can be minimized by setting 𝜃 = 54.74° relative to the
magnetic field B0 (this is known as the “magic angle”. Spinning the sample about this axis
while performing the NMR experiment has the effect of artificially cancelling out the effects
of the dipole-dipole interactions in the resulting spectra, allowing for much higher-resolution
to be obtained that would otherwise not have been possible(18).
It is important to note that there are some caveats associated with this technique.
Samples must be stably spun at very high (generally, 1 kHz – 35 kHz) speeds to achieve
noticeable improvement in the spectra, limiting the practical amount of sample that can be
studied and requiring expensive, high-precision equipment. Artifacts known as “spinning
sidebands” appear when the interactions are not fully averaged out; these artifacts appear
at known positions based on the spinning speed of the sample. Fast enough spinning can
narrow the lines dramatically, but will wipe out information regarding anisotropic
dependencies of the material. Despite these limitations, MAS has proven to be a powerful
tool for the characterization of solid-state materials for many decades.
2.2.2 Quadrupole Interaction
Nuclei with spins greater than ½ have electric quadrupole moments. These can
interact with external electric field gradients to significantly impact the relaxation constants,
as well as altering the magnetic energy levels of the nuclei. In the solid state, it is not
uncommon to expect the presence of local electric field gradients; this generally leads to
considerable signal broadening in NMR experiments. The Hamiltonian of the quadrupole
interaction can be represented as

𝐻=

𝑒𝑄
𝐼̂ ∙ 𝑉 ∙ 𝐼̂
2𝐼(𝐼 − 1)ℏ

(27)
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Here I is the nuclear spin vector, Q the nuclear quadrupole moment, and V is the electric
field gradient tensor, represented as
𝑉𝑋𝑋
𝑉 = [𝑉𝑌𝑋
𝑉𝑍𝑋

𝑉𝑋𝑌
𝑉𝑌𝑌
𝑉𝑍𝑌

𝑉𝑋𝑍
𝑉𝑌𝑍 ]
𝑉𝑍𝑍

(28)

Where Vij = Vji.

2.2.3 Chemical Shift Interaction
The chemical shift interaction is a critical aspect of NMR spectroscopy. The magnetic
field B0 affects not only the nuclei, but also the electrons orbiting them. This has the net
effect of inducing local magnetic fields which act as perturbations on the external applied
field B0. The magnetic field experienced by a given nucleus can be represented
𝐵𝑡𝑜𝑡𝑎𝑙 = 𝐵0 + 𝐵𝑖𝑛𝑑𝑢𝑐𝑒𝑑

(29)

Where Binduced includes the sum of the local induced magnetic fields. This can be a
“shielding” effect (wherein the effective magnetic field is reduced) or a “deshielding” effect
(where the effective magnetic field is enhanced).

Recalling that the Larmor frequency is

dependent upon the effective magnetic field, it is possible to rewrite it as
ω𝑡𝑜𝑡𝑎𝑙 = γB𝑡𝑜𝑡𝑎𝑙 = γB0 + γB𝑖𝑛𝑑𝑢𝑐𝑒𝑑 = ω0 + ω𝑖𝑛𝑑𝑢𝑐𝑒𝑑

(30)

The value of Binduced is proportional to the external field B0, meaning that this shift
can be normalized and verified in any given external field as

δ=

𝜔𝑡𝑜𝑡𝑎𝑙 − 𝜔𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝜔𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

(31)

The numerator here is expressed in units of Hz and the denominator in units of MHz, giving
rise to the conventional units of parts per million (ppm). This normalized shift will then be
observable independently of the external magnetic field used to find it.
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These shifts are heavily influenced by the electronic environments of the nuclei.
Similar environments will tend to produce similar shifts, and there are databases matching
known shifts of given nuclei to the associated likely local molecular structures. It is thus
possible to probe local structure through careful measurement of the chemical shift.
2.3 Diffusometry
This work concerns the study of battery materials, so there is particular interest in
measurements of ionic conductivity. This represents an extremely important characteristic
when analyzing a candidate electrolyte material. The Nernst-Einstein equation expresses
the ionic conductivity of a given material as:

𝜎=

𝐹 2 [𝐶]
(𝐷+ + 𝐷− )
𝑅𝑇

(32)

Where 𝜎 is the limiting conductivity, F the Faraday constant, R the gas constant, T
the temperature, C a parameter relating to the concentration of charge on the ions, and 𝐷+
and 𝐷− the self-diffusion coefficients of the cation and anion, respectively. These selfdiffusion coefficients are a measure of how freely the ions can undergo random Brownian
motion, and it is possible to measure these coefficients through NMR diffusometry.
Self-diffusion coefficients can reveal information about the dynamics of molecules in
their environment, as well as give information about size and even shape. The StokesEinstein equation can relate the self-diffusion coefficient and molecular size as follows:

𝐷=

𝑘𝐵 𝑇
6𝜋𝜂𝑅ℎ

(33)

Here D represents the self-diffusion coefficient of a certain species, 𝜂 the viscosity of
the environment, and 𝑅ℎ the hydrodynamic radius. Smaller molecules will, in general, tend
towards larger self-diffusion coefficients when compared to larger molecules. The shapes of
the molecules can also affect this measurement.
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A simple example of measuring the self-diffusion coefficient is the use of a pulsed
field gradient spin echo (PFGSE) pulse sequence, a schematic of which is shown below.

Fig. 7: PFGSE pulse sequence

Two coils are needed in this experiment: one rf coil to generate pulses which will
rotate the magnetization into the plane, and another magnetic field gradient coil q, aligned
with the external 𝐵0 field. To begin, a 90° pulse is generated through the rf coil, rotating
the net magnetization into the plane. Next, a magnetic field gradient 𝒈𝟏 = 𝒈𝟏 (𝑧) is pulsed
through q. Through the duration of this pulse, the spins in the sample will experience an
“external” magnetic field of 𝑩𝒈 = 𝑩𝟎 + 𝒈𝟏 (𝑧) = 𝑩𝒈 (𝑧). As the Larmor frequency of precession
depends directly on the external magnetic field (equation 9), this means that spins at
different z-positions throughout the sample will experience different Larmor frequencies.
The result will be a coordinated dephasing of the spins according to their z-positions – the
relative positions can be said to be “encoded” within the phase differences. The molecules
are then allowed to undergo their normal Brownian motion for some set amount of time,
known as the “diffusion time”. Following this, a second rf pulse is applied. This is a 180°
pulse- the same kind used in a spin echo, and for the same purpose of refocusing the signal
for acquisition. After this 180° pulse, but before acquisition, a second magnetic field
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gradient pulse takes place. This pulse attempts to undo the dephasing of the first magnetic
field gradient pulse. If the spins are static throughout the diffusion time, they will
experience the same dephasing and rephrasing fields, and will refocus to form a strong
signal. If, however, the individual spins have had a relatively large root mean square
displacement from their starting positions, they will experience very different dephasing and
rephrasing fields. The result will be a very poor refocusing, and a quantifiably attenuated
overall signal.
To begin calculating the self-diffusion coefficient, start with the simple spin-echo
pulse sequence, sans gradient pulses. The total magnetization at the echo can be
represented below

𝐴0 = 𝑀0 𝑒

𝑡
𝑇2

−

(34)

Note that this is essentially the same equation as (22). When z-axis magnetic field
gradients are introduced to the situation, it will have the effect of altering B 0. This will
result in an attenuation of the echo as
𝐴(𝑡) = 𝐴0 〈𝑒 𝑖𝛼(𝑡) 〉

(35)

The phase factor 𝛼 can be represented as
𝑡

𝛼(𝑡) = −𝛾 ∫ 𝑔(𝑡 ′ )𝑧(𝑡 ′ )𝑑𝑡 ′

(36)

0

Where 𝑔 represents the gradient strength and 𝑧 the z-position within the static
magnetic field.
Thus the attenuation factor 〈𝑒 𝑖𝛼(𝑡) 〉 represents the dephasing of the constituent spins
due to the presence of an inhomogeneous external magnetic field. This term can be
represented through cumulant expansion(19) as
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1

〈𝑒 𝑖𝛼(𝑡) 〉 = 𝑒 𝑖〈𝛼(𝑡)〉−2(〈𝛼

2 (𝑡)〉−〈𝛼(𝑡)〉2 ±⋯ )

(37)

In the special case of free, isotropic diffusion, 𝛼(𝑡) is governed by a gaussian
distribution averaging to 0. Just the 2nd cumulant then remains, reducing the expression to
1

𝐴(𝑡) = 𝐴0 𝑒 −2[(𝛼

2 (𝑡))]

(38)

or alternatively as
𝑡

𝛼(𝑡) = − ∫ 𝐺(𝑡)𝑣(𝑡)𝑑𝑡

(39)

0

Where 𝑣(𝑡) is the velocity of the nuclei, and
𝑡

𝐺(𝑡) = 𝛾 ∫ 𝑔′ (𝑡 ′ )𝑑𝑡 ′

(40)

0

Substituting this in to equation 38,
𝑡

𝑡

𝛼(𝑡1 ) ∙ 𝛼(𝑡2 ) = ∫ ∫ 𝐺(𝑡1 )𝐺(𝑡2 ) × 〈𝑣(𝑡1 ) ∙ 𝑣(𝑡2 )〉𝑑𝑡1 𝑑𝑡2
0

(41)

0

But on the NMR timescale it is possible to represent the velocity autocorrelation as
〈𝑣(𝑡1 )𝑣(𝑡2 )〉 = 2𝐷𝛿(𝑡2 − 𝑡1 )

(42)

When these equations are combined, the result is

𝐴(𝑡) = 𝑀0 𝑒

−

𝑡
𝑡 2 ′
′
𝑇2 𝑒 −𝐷 ∫0 𝐺 (𝑡 )𝑑𝑡

(43)

For the specific pulsed field gradient pulse sequences used in this work, the total
attenuation can be represented with the Stejskal-Tanner(20) equation as

𝐴(𝑡) = 𝑀0 𝑒

𝑡
−
𝑇2

exp [−𝐷𝛿 2 𝑔2 𝛾 2 (∆ − 𝛿⁄3)]

(44)

Which can then be used to extract the self-diffusion coefficients.
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Here A is the attenuated echo amplitude, 𝐴0 the initial amplitude of the signal, g the
gradient strength, ∆ the aforementioned diffusion time, 𝛿 the length of the magnetic field
gradient pulse, and D the self-diffusion coefficient. The measurements are taken multiple
times, while varying the strength of the applied magnetic field gradient. When the resulting
signals are plotted versus gradient strength, an attenuation curve is the result. The signal
amplitudes are usually integrated in order to minimize the effects of noise on the

Normalized intensity

measurement. Shown below is an example of 7Li diffusion data and an accompanying fit.
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Fig. 8: 7Li diffusion, 1 m LiTFSI in H20 at 20°C

This is a very simple picture of how a diffusion measurement is made – depending on
the conditions of the experiment, much more complicated pulse sequences may be
necessitated. In the case of solid-state experiments, 𝑇2 can be prohibitively short for the
simple sequence above, and can make acquiring a sufficiently attenuated curve impossible.
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For this reason, a stimulated echo pulse sequence can be used instead. In this pulse
sequence, the magnetization is stored along the z-axis to allow for the diffusion time to
coincide with 𝑇1 -mediated relaxation, rather than the shorter 𝑇2 . This allows for
investigation of especially challenging systems with fast relaxation or extremely slow
diffusion.
The presence of convection effects due to a low-viscosity liquid being externally
heated can artificially inflate diffusion coefficients. It is possible to counter this effect by
altering the pulse sequence such that two sets of encoding and decoding pulses take place,
with opposing orientation. This has the effect of “averaging out” the coordinated convection
motion, and leaving just the random diffusion motion(21).
Eddy currents (induced by strong gradient pulses) can also interfere with accurate
diffusion measurements – in this case, it is possible to avoid these by inserting a
longitudinal eddy current delay, so that the effects dissipate before signal acquisition(22, 23).
It is important to note that complications can arise, and sometimes a simple 1component fit is insufficient to describe the behavior of the material in question. Specific
examples of this will be examined in more detail in the project discussions.
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Chapter 3. NMR characterization of Ionic Materials Inc. Solid
Polymer Electrolytes
This project was done in collaboration with Professor Mike Zimmerman and Dr.
Randy Leising of Ionic Materials Inc. The NMR portion of this work was conducted by Dr.
Mallory Gobet, Rachel Hecht, Maribel Albarracin, and the author at Hunter College and at
the New York Structural Biology Center. This work has contributed to a manuscript expected
to be submitted for publication.
3.1 INTRODUCTION
Solid polymer electrolytes hold certain safety, utility, and cost advantages over the
more widely used liquid electrolytes, not least of which would be enabling the use of Limetal anodes. Poly(ethylene) oxide (PEO) has garnered the lion’s share of attention from
researchers over the years, having been incrementally improved over the past four decades.
Unfortunately, its main drawback is that it displays unsatisfactory conductivity at room
temperature (generally less than 0.1 mS/cm, a tenth of that necessary for commercial
viability).
Other solid electrolyte alternatives have been developed over the years, many with
satisfactory conductivities, some with satisfactory mechanical properties, others with
acceptable stability or robustness. None have displayed all of these necessary criteria at
once(24-27).
Ionic Materials Inc. (IM), based in Woburn, Mass., has recently developed an
intriguing solid alternative polymer electrolyte (PE) membrane, and has invited our
laboratory to assist in its characterization.
Led by Professor Mike Zimmerman, IM is in the process of optimizing their electrolyte
for marketable application. So far, the novel material has shown outstanding diffusion and
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ion transference properties, along with mechanical and electrochemical properties very
suitable for practical application. There is hope that it could represent a paradigm shift for
the commercial Li-ion battery industry.
The key to how this material offers such high conductivity when compared to other
solid polymer electrolytes lies in the ion transport mechanism. In traditional PEOs, cation
movement is strongly coupled to segmental chain motion; the lithium ions’ charge carrying
capabilities are limited by the mobility of the much larger polymer chains.

Fig. 9: Cation motion strongly coupled to polymer segmental motion in traditional
PEO

The IM PE is hypothesized to facilitate lithium ion movement in a unique “hopping”
manner, in which positively charged defect sites in the polymer chain matrix attract and
“capture” anions, freeing the lithium ions to hop from site to site. This type of freedom for
the lithium ions is extremely favorable for Li-ion battery operation; the electrochemistry
works most efficiently when the lithium ions are carrying the charge.
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Fig. 10: IM PE - cation motion decoupled from polymer segmental motion (image
reproduced from Zimmerman, M. et al. “A Practical High-Conductivity Dry Polymer
Electrolyte for Room Temperature Lithium Metal Batteries” to be submitted)

The following investigations focus on verifying and examining the consequences of
this novel transport mechanism as pertains to the viability of this material in a nextgeneration solid-state secondary battery.
3.2 MATERIALS PREPARATION
All samples investigated in these projects were prepared at IM’s headquarters in
Massachusetts, under direction of Professor Mike Zimmerman and Dr. Randy Leising.
According to IM, the base polymer used in this material is a semi-crystalline
polyphenylene sulfide (PPS). This is mixed with a proprietary oxidizing agent and heated to
high temperature to generate the necessary charge transfer complexes which define this
material.

Fig. 11: Polyphenylene sulfide
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Lithium salts are mixed in to impart conductivity, and finally binders and extrusion
aids are added to achieve satisfactory mechanical properties for processability and usage.
The exact mixture of materials used are proprietary and have changed over the evolutionary
lifetime of the polymer electrolyte. Salts used in the polymer electrolyte iterations studied in
this work include lithium bis(trifluormethylsulfonyl)amide (LiTFSI), lithium
bis(fluormethylsulfonyl)imide (LiFSI), and lithium triflate (LiTf). Other electrolyte
components examined will be clarified below in the discussion of each specific investigation.
However, it must be noted that, due to the confidential and proprietary nature of
these materials, certain information regarding the exact composition of the
various PEs must be withheld at this time.
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Fig. 12: TFSI-, FSI-, and Tf- ions

Once received from IM, all samples were stored and packed in an Ar-glovebox.
Those samples which were not hermetically sealed were supplied with a nitrogen
atmosphere during experimentation, in order to prevent any moisture from affecting the
electrolyte’s base properties.
Structural Analyses
Initial characterization was performed by Dr. Marc Berman during his tenure in the
Hunter College NMR laboratory. This consisted of liquid-state NMR studies of the base
materials and earlier iterations of the PE, along with some solid-state MAS investigation. In
particular, he characterized the PE designated “IME-5”, which serves as the base for many
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of the PEs studied in this work(28). IM is focusing on optimizing aspects of its IME-5 formula
for eventual commercialization.
3.3 Solid-state

C and 1H NMR study of IM electrolytes
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3.3.1 Samples
Two “starting materials”:
The base polymer: PPS (white powder)
The binder/extrusion aid: proprietary
Five electrolytes, all from the same base PE formula (IME-5):
Sample SE359-2 Contains LiTFSI salt.
Sample SE359-2A Contains LiTFSI and LiTf salts.
Sample Rev 0 Contains LiTFSI salt
Sample Rev 1.0 Contains LiTFSI salt.
Sample Rev 0.5 Contains LiTFSI and LiFSI salts.
Sample Rev 2.0 Contains LiTFSI and LiFSI salts.
Rev 0.5 and Rev 2.0 are designed for practical application in batteries and contain
enough LiFSI and LiTFSI to demonstrate competitive conductivities.
Rev 0 and Rev 1.0 demonstrate much lower conductivity, containing only LiTFSI salt.
A sixth sample (SE359-1B) was also indented for measurement, also containing LiTFSI
and LiFSI. This sample proved to be impossible to properly prepare for NMR investigation, as
its consistency was unsuitable for packing into the rotors used for MAS.
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3.3.2 EQUIPMENT AND METHODS
The solid-state structural characterization experiments were done on a state-of-theart Bruker Avance I 750WB spectrometer located at the New York Structural Biology Center,
with the assistance of Dr. Boris Itin.
experiments were performed on

MAS cross-polarization (CP) and direct excitation

C and 1H nuclei.
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The experiments run in this investigation were spun at speeds ranging from from 8 to
10 kHz and utilized 4 mm diameter rotors. This results in a G-force on the order of several
hundred G. These rotational speeds are maintained for several hours or days for a given
experiment. In the case of heterogeneous/composite samples, this force can result in the
separation of some components in the sample during measurement, necessitating judicious
application of faster spinning.
3.3.2.1 Specific Techniques
C Direct Excitation

13

The 12C nucleus is unsuitable for NMR investigation, due to its spin of zero and resulting
lack of magnetic moment.

C nuclei have a spin of ½ and therefore can be measured, but
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due to their low natural abundance (only about 1%), it can be difficult to acquire good NMR
spectra without resorting to prohibitively large numbers of scans, as the signal quality is
heavily dependent on the amount of nuclei in the sample. This issue is compounded by the
long recycle times between scans necessitated by long relaxation times – the lack of
homonuclear dipole interactions means that the

C nuclei have fewer channels through which

13

to shed energy to transition back to the equilibrium state. Direct excitation

C experiments

13

have the advantage of showing all carbon species, but must be highly optimized in to combat
these significant challenges to produce acceptable spectra.
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H–

1

C CP-MAS

13

It is possible to “enhance” the 13C signal and resolution by transferring magnetization from
another nucleus and decoupling the signal. The natural candidate for the source of the
magnetization is

H, which has a very high abundance as well as one of the highest

1

gyromagnetic ratios. The transfer of magnetization is mediated by the dipole-dipole
interaction, which has two important consequences:
1. The

C spectra obtained by this method will only show the signal of carbons which
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have a nearby proton to borrow magnetization from.
2. Solid-state samples are more appropriate targets for this method, so that motional
averaging does not interfere with dipole coupling and magnetization transfer.
The radio-frequency pulse sequence is designed to synchronize the precession frequency
of the 2 different nuclei (called the Hartmann-Hahn condition). This state is maintained for an
appropriate amount of time (called the CP contact time, optimized during measurement) and
the resulting

C signal has a higher signal-to-noise ratio, while still reflecting the chemical

13

environment of the carbon nuclei. In addition, the recycle time is dependent on the more
quickly-relaxing 1H nuclei, which allows more scans (and correspondingly higher signal-tonoise) in the same amount of time(29).
3.3.3 RESULTS AND DISCUSSION
Extensive 1H and

C MAS experiments were carried out on the IM PE

13

materials, using both cross-polarization and direct excitation techniques.
Sensitive and proprietary information regarding their composition would be
unavoidably revealed through discussion of the results of these experiments. As a
result, at this time it is not possible to present those results in this work.
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NMR Analysis of IM PE Dynamics
3.4 Investigation of ion dynamics in IM PE as a function of binder/extrusion aid
concentration
This particular project focused on characterizing the dynamic properties of IM’s base
electrolyte when varying levels of binder/extrusion aid were added. Binder addition imparts
favorable mechanical properties to the polymer electrolyte for processing and the goal here
was to ascertain how it affects ionic motion.
3.4.1 Samples
Four samples were investigated, with increasing concentration of binder.
Sample 120A: 0% wt. binder/extrusion aid
Sample 120B: 3.02% wt. binder/extrusion aid
Sample 120C: 6.14% wt. binder/extrusion aid
Sample 120D: 8.60% wt. binder/extrusion aid
3.4.2 Equipment and Methods
NMR diffusion and relaxation measurements were done with a 300MHz Varian
Spectrometer with DOTY Z-gradient diffusion probe. This probe was capable of reaching
1400 G/cm, which was necessary given the very fast relaxation times involved with these
solid samples. Measurements were attempted on

F and 7Li nuclei at temperatures ranging
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from 40°C down to 0°C.
Relaxation measurements were performed with three main objectives in mind. First,
the T1 and T2 can provide important insights on the dynamics of the molecules at different
ranges and different timescales. Second, the presence of a 1- or 2-component relaxation
can refute or corroborate the presence of two species, if indicated by diffusion, or confirm a
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quadrupolar element involved in relaxation. Third, knowledge of the relaxation times is
crucial for proper optimization of the pulse sequences used to measure diffusion.
An inversion recovery sequence (described in chapter 2) was used to measure the T1
values, and a CPMG sequence (also described in chapter 2) was used to determine the T 2
values.
3.4.3 Results and Discussion
Relaxation
Broadening observed at the base of the 7Li signal was observed to decay very quickly
when the CPMG T2 experiment was performed, as evidenced below.

Fig. 13: Very quick decay of broad aspect of 7Li signal in sample 120D with
increase in τ.
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This observation was reinforced by the inability of a 1-component fit to adequately
match the data, especially at small τ. Based on these two observations, a 2-component fit
was attempted, with better results. An example comparison is provided on the next page.
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CPMG 120D Li7 40°C 1-Component Fit
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CPMG 120D Li7 40°C 2-Component Fit
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Fig. 14: Comparison of 1-component and 2-component fit to T2 data for 7Li in
sample 120D at 40°C
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The relaxometry results are presented in the tables below. All results are in
milliseconds (ms). Fluorine measurements were not taken when lithium measurements
indicated that diffusion measurements would not be feasible.

Wt %
Binder
0%
(120A)
3.02%
(120B)
6.14%
(120C)

Li T1

7

8.60%
(120D)

F T1

19

Li T2 A

7

Li T2 B

810

60

440

810
730

1.4
72%
0.5
70%

56

340

13
28%
4
30%

310

No data
taken

2
46%

0.2
54%

No data
taken

Li T1

7

590
490

F T1

19

Li T2 A

7

No data
taken
620

78

F at 40°C

19

Li T2 B

.4
68%
.4
39%

No data
taken

1.8
61%

8.60%
(120D)

No data
taken

No data
taken

No data
taken

6.14%
(120C)
8.60%
(120D)

No data
taken
480

F T1

19

No data
taken
520

Li T2 A

7

No data
taken
2.4
35%

19

No data
taken
49
No data
taken
No data
taken

Table 2: T1 and T2 data for 7Li and

Li T1

F T2

7

3.9
32%

420

7

67

66

6.14%
(120C)

Wt %
Binder
0%
(120A)
3.02%
(120B)

19

780

Table 1: T1 and T2 data for 7Li and

Wt %
Binder
0%
(120A)
3.02%
(120B)

F T2

7

F at 20°C

19

Li T2 B

7

.4
65%

No data
No data
No data
taken
taken
taken
No data
No data
No data
taken
taken
taken
Table 3: T1 and T2 data for 7Li and

F T2

19

No data
taken
No data
taken
No data
taken
No data
taken

F at 0°C

19
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Obtaining reliable measurements became more difficult as the temperature dropped,
due to the very short T2.
During the course of experimentation, sample 120A was brought down to 0°C. After
being removed from the probe, part of the sample was observed to have physically
degraded and changed color. The sample was repacked and rerun (the results above are
those of the new, repacked sample). Despite this, sample 120A proved to be incompatible
with relaxation measurement at 0°C.
There is an apparent trend in 7Li of decreasing T1 and T2 with increasing binder
concentration, at the temperature ranges where enough data was able to be collected (40°C
and 20°C). No such significant trend is noted for

F at the temperature where enough data
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was able to be collected (40°C). This, in concert with the two-component decay, indicates
that the presence of the binder induces the 7Li to experience a dominant quadrupolar
component in its relaxation due to the presence of an electric field gradient. This is likely
the result of interaction between the Li ions and the binder additive. To facilitate this, the Li
ions must have a non-negligible residence time. The relaxation times for

F are left

19

relatively unaffected, as the nucleus’s spin of ½ precludes a quadrupole moment, and it can
be inferred that the anions do not have significant interaction with the binder.
Diffusion
A stimulated echo sequence engineered to minimize the effect of the very low T 2
observed in some of the samples was used. In addition, longitudinal eddy current delay
was included, to compensate for the eddy currents induced by the powerful gradient coil.
Gradient strength was linearly arrayed in 32-64 values for each experiment.
Despite evidence for 2-component T2 relaxation, a multiple-component fit was not
automatically assumed for the 7Li diffusion data – the quadrupolar relaxation would not
necessarily significantly affect the diffusion dynamics of the ions. Both 1- and 2-component
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fits were thus attempted for both 7Li and

F self-diffusion. Examples of the fits are shown
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below for comparison.

Li7 Diffusion in Sample 120A, 1Component Fit

1
0.8
0.6
0.4
0.2
0
0

500

1000

Li7 Diffusion in Sample 120A, 2Component Fit

1
0.8
0.6
0.4
0.2
0
0

500

1000

Fig 15: 7Li diffusion in sample 120A at 40°C, 1- vs. 2-component fit comparison

Multi-component fits are suggested by the data to be most appropriate. There are
three possible physical justifications for this.
There could be multiple species (of both lithium and fluorine) with different diffusion
values. This would produce a 2-component diffusion, but should also produce 2-component
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relaxations, due to the different local electronic environments. This is inconsistent with the
fluorine data, but could present a valid explanation of the lithium data.
Another explanation is a series of heterogeneous regions, with slightly differing
structure and thus different diffusion values. This would also produce 2-component
diffusion, but the short-range dynamics probed by relaxometry might not be so obviously
affected. This model is consistent with both the lithium and fluorine data (30).
In either of the two cases above, the equations reduce to essentially a biexponential
with two different self-diffusion coefficients. The results of these two models are presented
in the table below.
Wt % Binder

Li (*10-12
m²/s) FAST

Li (*10-12*
m²/s) SLOW
11.7
33.3%

F
(*10
m²/s)
FAST
29.8
76.9%

F
(*10
m²/s)
SLOW
4.87
23.1%

0% (120A)

42.2
66.7%

3.02% (120B)

13.8
77.5%

2.69
22.5%

19.0
67.8%

4.48
32.2%

6.14% (120C)

14.9
27.9%

4.69
72.2%

15.3
64.0%

5.13
36.0%

7

7

19

-12

Table 4: Self-Diffusion Coefficients for 7Li and

19

-12

F at 40°C

19

Wt % Binder

Li (*10-12
m²/s) FAST

Li (*10-12
m²/s) SLOW

F (*10-12
m²/s) FAST

F (*10-12
m²/s) SLOW

0% (120A)

17.9
78.1%

3.60
21.9%

14.3
69.6%

2.85
30.4%

3.02% (120B)

11.3
61.1%

3.16
38.9%

8.08
66.4%

2.13
33.6%

6.14% (120C)

No data taken

No data taken

No data taken

No data taken

7

7

19

Table 5: Diffusion data for 7Li and

19

F at 20°C

19
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Wt % Binder

Li (*10-12
m²/s) FAST

Li (*10-12
m²/s) SLOW

F
(*10
m²/s)
FAST

F (*10-12
m²/s) SLOW

0% (120A)

5.04
74.2%

1.14
25.8%

4.67
59.1%

1.27
40.9%

3.02% (120B)

No data taken

No data taken

No data taken

No data taken

6.14% (120C)

No data taken

No data taken

No data taken

No data taken

7

7

19

-12

Table 6: Diffusion data for 7Li and

19

F at 0°C

19

Sample 120D had T2 relaxation too fast to measure reliable diffusion data. This
highlights one of the challenges that can present when performing diffusometry. As
described earlier, diffusometry pulse sequences can involve many inversions and gradient
pulses. During these maneuvers (and their associated instrumental dead times), the signal
is still undergoing spin-lattice and spin-spin relaxation. T2 in solids especially can be very
low, and as in this case, can sometimes be so low that the signal relaxes completely
throughout the course of the pulse sequence.
One immediately noticeable trend is a drastic decrease in 7Li self-diffusion coefficient
with increasing binder concentration. This change is more pronounced at the highest
temperature (40°C), and had roughly equal effect on both the fast and slow components.
In comparison,

F experienced much less of a decrease in both the fast and slow self-
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diffusion coefficient components. The magnitude of the effect on the 7Li self-diffusion
coefficient, combined with the reduced effect on the

F self-diffusion coefficient, suggests
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again that the residence time of the binder in proximity to the 7Li nuclei may be nonnegligible with respect to its long-range dynamics.
There is, however, a third possible model to fit the data. For sample 120A, T 2 data
suggests no measurable 2nd component – however, the diffusion data disagrees, with a clear
2-component fit. This may indicate anisotropic diffusion. In essence, local structure of
either parallel planes or channels would favor diffusion along one axis or plane relative to
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the orthogonal direction(s). This would produce an attenuation curve unsuitable for 1component fitting. Recent literature contains further details on this treatment (31, 32).

Fig. 16: Anisotropic fit for 7Li diffusion at 40°C, sample 120B

The tables below show the results of applying the anisotropic fits to the data from
samples 120A-D.
Wt % Binder

Li (*10-12

7

m²/s) BC-

Li (*10-12

7

m²/s) A-axis

F (*10-12

19

m²/s) BC-

plane

F (*10-12

19

m²/s) A-axis

plane

0% (120A)

7.02

92.3

8.49

65.2

3.02% (120B)

3.35

30.9

3.95

38.3

6.14% (120C)

2.87

16

4.45

26.9

8.60% (120D)

No data taken

No data taken

No data taken

No data taken

Table 7: Diffusion data for 7Li and

F at 40°C

19

43

Wt % Binder

Li (*10-12

Li (*10-12

7

m²/s) BC-plane

F (*10-12

7

F (*10-12

19

m²/s) A-axis

19

m²/s) BC-

m²/s) A-

plane

axis

0% (120A)

3.67

42.2

2.65

31

3.02% (120B)

2.3

20.6

1.97

15.5

6.14% (120C)

No data taken

No data taken

No data taken

No data taken

8.60% (120D)

No data taken

No data taken

No data taken

No data taken

Table 8: Diffusion data for 7Li and

Wt % Binder

Li (*10-12

7

m²/s) BC-

F at 20°C

19

Li (*10-12

F (*10-12

7

19

m²/s) A-axis

m²/s) BC-

plane

F (*10-12

19

m²/s) A-axis

plane

0% (120A)

1.25

10.7

1.12

7.94

3.02% (120B)

No data taken

No data taken

No data taken

No data taken

6.14% (120C)

No data taken

No data taken

No data taken

No data taken

8.60% (120D)

No data taken

No data taken

No data taken

No data taken

Table 9: Diffusion data for 7Li and

F at 0°C

19

There is a trend of decreasing diffusion coefficient values both in the BC-plane and
along the A-axis with decreasing temperature, as well as with increasing binder
concentration. This is in line with expected results. There is about an order of magnitude
difference between the diffusion in the A-axis and that in the BC-plane.
Both the anisotropic diffusion and the heterogeneous regions diffusion models are
viable to explain these data. Later investigations on the more advanced IM PEs would
reveal that the heterogeneous regions model is more appropriate, due to the more obvious
presence of multi-component relaxation in the fluoride nuclei. Because of their spin of ½,
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this cannot be due to quadrupolar relaxation – the only satisfactory explanation is slightly
different electronic environments.
Ion transference numbers, representing the fraction of total current carried by the
cation and anion, were then calculated from the diffusion coefficients using the below
equation

𝑡+ =

𝐷+
𝐷+ + 𝐷−

(45)

Again, a high cation transference number (approaching unity) is generally desirable
for battery application. Materials dominated by anion transference can be susceptible to
concentration gradients. This results in polarization of the electrolyte, leading to power loss
and an overall poorer battery performance.
One set of transference numbers were calculated using only the “fast” diffusion
components in the heterogeneous regions model. The transference numbers were then
calculated again, this time using the weighted average of both components. The results are
shown in the table below.
Wt % Binder

t+ FAST

t+ weighted

0% (120A)

0.59

0.57

3.02% (120B)

0.42

0.44

6.14% (120C)

0.49

0.39

Table 10: Fast and weighted transference numbers at 40°C
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Wt % Binder

t+ FAST

t+ weighted

0% (120A)

0.56

0.58

3.02% (120B)

0.58

0.57

Table 11: Fast and Weighted transference numbers at 20°C

Wt % Binder

t+ FAST

t+ weighted

0% (120A)

0.52

0.55

Table 12: Fast and Weighted transference numbers at 0°C

Of special note is the large difference between the “fast” and the weighted
transferences numbers for sample 120C at 40°C. This suggests that in the slow diffusing
region, the anion carries a greater share of the current in this higher concentration of
binder.
The cation transference numbers presented here can be compared to PEO-Li salt
transference numbers, which hover around 0.2 – 0.3. High transference numbers can play
a critical role in the viability of an electrolyte(33), so this stark contrast serves to
demonstrate the promise and excitement of this novel electrolyte.
3.5 Rev 0.5 Diffusion Study
3.5.1 Samples
Rev 0.5 represented a new standard for IM’s PE in terms of conductivity. This
material demonstrated a conductivity of 1.5 mS/cm at room temperature, well positioned
for commercial viability. It also displayed good mechanical properties for battery
application, able to resist the volume changes induced by cycling, and was compatible with
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current densities that could be expected from real-world devices (>0.5 mA/cm2). Its
composition is a proprietary mixture of many of the abovementioned components.
3.5.2 Equipment and Methods
Diffusometry measurements were performed to characterize the ionic transport and
cation transference, and also the ion association of the material, which will be explained
below. A 300MHz Varian Spectrometer with DOTY Z-gradient diffusion probe was used for
these experiments. Diffusion measurements were performed at temperatures ranging from 20°C to 70°C, in increments of 10°C.
3.5.3 Results and Discussion
Measurement at -20°C proved to be unreliable (due to very fast T2 relaxation), while
70°C also displayed anomalous results (due to possible phase change in one or more of the
material components).
Relaxometry produced 2-component results across all three nuclei, across all
temperatures measured. The weighting between “fast” and “slow” components remained
similar throughout (about 60% fast to 40% slow). Although this could be attributed to
quadrupolar relaxation for nuclei with spins above ½ (such as 7Li), this explanation cannot
hold for the non-quadrupolar

F nuclei. This fact, coupled with the 2-component nature of
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the measured diffusion values, indicated that the heterogeneous regions model was most
compatible with the data. The resulting weighted average diffusion values are presented
below.
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Temperature

Self Diffusion Coefficients

Cation transference

(weighted average, *10-12 m2/s)

number

°C

Li

TFSI

FSI

t+

-10

1.7

1.7

2.6

.44

0

3.7

3.4

5.3

.45

10

6.7

5.8

9.3

.48

20

16

14

19

.49

25

17

15

24

.46

40

33

25

49

.46

50

40

45

65

.44

60

67

48

92

.49

Table 13: Weighted average self-diffusion coefficients and resulting cation
transference for all three species across all temperatures

These diffusion values indicate a very high conductivity for this material, and the
NMR-calculated cation transference numbers approach .5. This exceeds even typical
nonaqueous liquid electrolyte cation transference numbers(34).
In order to clarify the TFSI and FSI transport, and to verify that the 2 nd component of
diffusion was not due to a fraction of the species being trapped in the polymer matrix,
another PFG experiment was performed. In this experiment, the gradient strength and
gradient pulse widths were dramatically increased. Any TFSI or FSI trapped in the polymer
would manifest as a fraction of signal that would remain unattenuated. The results are
shown below.
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Fig. 17: TFSI and FSI signal wipeout experiments at room temperature

It is clear that, on the timescales measured by these diffusion experiments, complete
anion trapping is not a significant contributor to the diffusion attenuation.
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It is possible to calculate the limiting ionic conductivity from the weighted diffusion
values using the Nernst-Einstein equation, shown again below.

𝜎=

𝐹 2 [𝐶]
(𝐷+ + 𝐷− )
𝑅𝑇

(32)

Plugging the room temperature values in results in a limiting ionic conductivity of 1.6
mS/cm. This, however, is not necessarily the true conductivity of the material. This value
was calculated from NMR-determined self-diffusion coefficients. Nuclear magnetic
resonance does not discriminate between ions which are dissociated (and thus, carrying
charge) and ions which are associated (carrying no net charge).
A high level of ion association would greatly diminish the effective conductivity of the
material, as the presence of associated ions has a parasitic effect on the charge carrying
capabilities of the material by increasing frictional effects, slowing down those ions which
are carrying net charge(35).
The NMR-calculated limiting conductivity does not take these effects into account,
and thus any such value is a “best-case scenario,” assuming total ionic dissociation. It is
possible to compare this value against the true conductivity measured by IM (1.5 mS/cm,
via complex impedance spectroscopy). The resulting discrepancy can then be used as a
measure of the ionic association(36).
This results in an ionic association of about 7%. Liquid electrolytes, for comparison,
often have an order of magnitude higher percentage of ionic association. This is one of the
reasons the solid IM PE is able to compete in performance with the organic liquid
electrolytes, despite the fact that diffusion in liquids tends to be much faster than that in
most solids (but only somewhat faster than in IM electrolytes).
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3.6 Rev 2.0 Diffusion Study
3.6.1 Samples
Rev 2.0, much like Rev 0.5, was designed with all the properties necessary for
practical battery application. It is very similar in composition to Rev 0.5, but with a
different concentration of LiTFSI and LiFSI salts. Room temperature conductivity (measured
at IM through impedance spectroscopy) was even higher than that of the Rev 0.5 sample, at
2.4 mS/cm.
3.7.2 Equipment and Methods
Diffusometry measurements were once again performed to characterize the ionic
transport, cation transference, and ion association of the material. A 300MHz Varian
Spectrometer with DOTY Z-gradient diffusion probe was used for these experiments.
Diffusion measurements were performed at temperatures ranging from -20°C to 70°C, in
increments of 10°C.
3.6.3 Results and Discussion
As in the Rev 0.5 sample, relaxometry produced 2-component results across all
nuclei. Also as with the previous Rev 0.5 material, measurement at -20°C proved to be
unreliable, while 70°C also displayed anomalous results.
Slight but consistent 2-component diffusion was observed for Li diffusion (in the
neighborhood of 90% fast to 10% slow).
Consistent 2-component diffusion was also observed for both FSI and TFSI (both in
the neighborhood of 95% fast to 5% slow).
These 2-component results, coupled again with the 2-component relaxation,
indicates that the heterogeneous regions model remains the most attractive model to
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describe the diffusion data. The table of weighted average self-diffusion coefficients
(m2/s) (on all 3 species) diffusion results is shown below.
Temperature

Self Diffusion Coefficients
(weighted average, *10-12 m2/s)

Cation transference
number

°C

Li7

TFSI

FSI

t+

-10

1.85E-12

2.15E-12

2.93E-12

.43

0

4.37E-12

4.03E-12

7.47E-12

.44

10

9.79E-12

7.71E-12

1.15E-11

.51

20

1.70E-11

1.40E-11

2.15E-11

.50

25

2.23E-11

1.72E-11

2.46E-11

.49

40

4.57E-11

3.36E-11

4.85E-11

.53

50

6.32E-11

4.95E-11

7.75E-11

.50

60

9.32E-11

6.72E-11

9.46E-11

.54

Table 14: Weighted average self-diffusion coefficients and resulting cation
transference for all three species across all temperatures

It is clear that the diffusion values are even higher in this material than in the
previous Rev 0.5 (while the cation transference number again hovers in the range of ~0.5).
The significance of these diffusion values can best be understood with the below plot,
comparing IM’s Rev 2.0 PE to a fast-diffusing example of PEO (the most studied solid
polymer electrolyte over the past decades), as well as to solid ceramic conductors which,
until recently, had displayed the fastest lithium diffusion in a solid.
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Fig. 18: Self-diffusion comparison of IM PE versus other highly conductive recent
solid electrolyte candidates, 7Li and 19F(37-39)
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Fig. 19: Self-diffusion comparison of IM PE versus other highly conductive recent
solid electrolyte candidates, 7Li(37-39)

The lithium diffusion in IM’s PE is over six times faster than in the ceramicbased conductors, and almost sixty times faster than in the PEO material (at temperatures
where it was even possible to compare them). Consider also the fact that the ceramic
conductors, which at least approach the IM PE in diffusivity, have significant issues
associated with their mechanical properties which prevent stable cycling, and it becomes
clear that this PE brings the promise of a significant improvement over other candidate
novel electrolytes.
Application of the Nernst-Einstein equation produces a conductivity of 2.6 mS/cm.
Comparing again to IM’s measured value (2.5 mS/cm) a very low ionic association is
revealed – less than 7%.
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3.7 Conclusion
These excellent electrochemical results, along with the suitability of the material’s
mechanical properties, cost, and the fact that it has demonstrated the ability to actually
work in a cell under real-world application strain (with longevity rivalling that of commercial
batteries) indicates that the IM polymer electrolyte appears to represent a rare paradigm
shift for the industry.
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Chapter 4. NMR study of Aqueous Electrolytes
This project was done with collaborators in Army Research Laboratory and the
Department of Chemical and Biomolecular Engineering at University of Maryland. The NMR
portion of this work was conducted by Dr. Mallory Gobet, Dr. Jing Peng, and the author at
Hunter College. This work has contributed to publications in ACS Nano (DOI:
10.1021/acsnano.7b05664 and 10.1021/acsnano.7b05664).
The organic solvent-based electrolytes used in lithium-ion batteries are a source of
many cost and safety issues. Many of these could be mitigated by a switch to an aqueous
electrolyte – however, this means that these electrolytes would be limited to an
electrochemical stability window of 1.23 volts corresponding to the electrolysis of water.
Exceeding this window consumes the electrolyte, generating hydrogen and oxygen gas,
causing insurmountable safety and reuseability issues.
This low of a voltage window severely limits the practical voltage and energy density
of these batteries. However, recent developments have shown that it is possible to open up
this stability window by vastly increasing concentration of the salt, enabling the formation of
an interphase. The salt becomes so concentrated that there are simply not enough water
molecules to form a proper solvation shell around each ion. Because of this, interionic
attractions become dominant, fundamentally altering the electrochemistry.
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Fig. 20: a) Diagram of solvation shells and b) voltage window of different salt
concentrations in H20 (figures reproduced from Suo et al.(40))
One of the physiochemical consequences of the ultra-high concentration is that the
electrolyte gains the ability to form a solid electrolyte interphase (SEI). This SEI is formed
by sacrificial electrolyte decomposition during initial charging, and acts as a barrier which
prevents unwanted reactions between the electrolyte and the electrode. It has good ionic
conduction, but poor electronic conduction.

Fig. 21: SEM images of SEI formation (figure reproduced from Suo et al.(40))
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The result of this is that the electrochemical stability window is opened from 1.23V to
3V, and the ability to operate at higher voltage has demonstrated improved energy density
and coulombic efficiency in test batteries constructed with this electrolyte compared to
concentrations below the threshold(40).
4.1 Sample Preparation
Aqueous electrolytes were prepared by Dr. Kang Xu’s group at the U.S. Army
Research Laboratory. LiTFSI salt was mixed with water in open ambient conditions. 5
samples of differing LiTFSI concentration were examined in this study – 1 molality, 5 m, 10
m, 15 m, and 21 m LiTFSI in H2O.
4.2 Equipment and Methods
NMR measurements were performed on a range of concentrations of LiTFSI-based
aqueous electrolyte, varying from 1 m to 21 m. Pulsed gradient spin-echo self-diffusion
experiments were performed to measure the self-diffusion coefficients of the Li + and TFSIions, and the solvent (water) molecules. NMR diffusion experiments were done with a
300MHz Varian spectrometer with a DOTY Z-gradient diffusion probe. Self-diffusion
coefficients for 7Li,

F, and 1H nuclei were measured at 20C to -60C using a double
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stimulated echo sequence with eddy current delay. This pulse sequence was used to ensure
convection effects did not interfere with the measured diffusion values, and to allow induced
stray currents in the probe to dissipate before signal acquisition. Gradient strength G was
arrayed (16 or 32 values, linear increase, g = 0-1200 G/cm) for each experiment. Gradient
pulse duration was δ = 2-5ms and diffusion delay was Δ = 50-350 ms.
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4.3 Results and Discussion
LiTFSI

Temp

D Li

DF

D H2O

(m)

(℃)

(m2/s)

(m2/s)

(m2/s)

1

20

6.97E-10

5.16E-10

1.58E-9

0.58

0

3.64E-10

2.16E-10

6.20E-10

0.63

-20

4.11E-11

2.71E-11

9.83E-11

0.60

-40

6.42E-12

5.55E-12

2.40E-11

0.54

-60

5.98E-13

1.88E-13

2.87E-12

0.76

20

3.21E-10

2.04E-10

8.03E-10

0.61

0

1.52E-10

1.00E-10

3.78E-10

0.60

-20

5.26E-11

3.15E-11

1.38E-10

0.63

-40

1.06E-11

6.01E-12

3.19E-11

0.64

-60

8.09E-13

3.29E-13

3.31E-12

0.71

20

1.67E-10

8.91E-11

3.87E-10

0.65

0

8.40E-11

4.33E-11

1.93E-10

0.66

-20

2.91E-11

1.40E-11

7.46E-11

0.68

-40

6.74E-12

2.57E-12

2.05E-11

0.72

20

1.08E-10

5.02E-11

2.06E-10

0.68

0

3.74E-11

1.71E-11

9.07E-11

0.69

-20

1.34E-11

5.02E-12

3.28E-11

0.73

-40

2.95E-12

8.69E-13

7.99E-12

0.77

20

3.94E-11

1.67E-11

1.01E-10

0.70

0

3.12E-11

1.09E-11

7.01E-11

0.74

-20

1.37E-11

5.00E-12

3.24E-11

0.73

-40

4.71E-12

1.55E-12

1.16E-11

0.75

5

10

15

21

t+

Table 15: Diffusion and cation transference data for LiTFSI aqueous electrolyte
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Fig. 22: Comparison of diffusion values for least- and most-concentrated solutions

Fig. 45 above compares the diffusion results for the least- and most-concentrated
solutions. As expected, there is a general trend of smaller diffusion coefficients with lower
temperature, and with higher salt concentration, indicating slower movement of the
molecules with a correspondingly slower charge transport. The similar trends for all three
diffusing species suggest that the diffusion is determined mainly by solution viscosity.
The interplay between this viscosity and the number of charge carriers is usually a
determining factor when formulating the most effective concentration of salt in liquid
electrolytes(41). By this metric, the optimum concentration was traditionally estimated to be
in the 1 m range for nonaqueous electrolytes, and the 5 m range for aqueous electrolytes.
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Cation Transference

Fig. 23 Comparison of cation transference for lowest and highest temperatures

The above estimation of optimal salt concentration does not take into account the
importance of the cation transference number, which, as noted earlier, determines the
fraction of current carried by the cation (Li+ in this case).
Fig. 46 above compares how the cation transference behaves for all 5 concentrations
at the lowest- and highest-measured temperatures. Of note is the measurement of the
highest concentration and the lowest temperature (21 m, -40°C). A particular difficulty
arose while measuring this combination. When the lineshape was examined, it appeared as
though the signal had two components – one narrow, liquid-like peak, and a broader base
indicative of a possible second phase. During the diffusion measurement, the portion of the
signal due to the broad base was found to relax completely before acquisition.
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Fig. 24: Broad baseline component in 7Li spectrum at 21 m, -40°C

This indicates then that the diffusion measurement at this temperature and
concentration is incomplete, and only reflects the movement of the “liquid”. Due to the very
high viscosity of the solution, it is believed that the material begins to display some dualphase properties, and that the less-liquid part of this experiences a much faster spin-spin
relaxation. Further investigation has shown that these phases don’t always appear in the
most concentrated solutions at low temperature, and that their formation may depend on
the cooling rate. This result underscores the importance of relaxometry and spectral
investigations in tandem with diffusometry to establish any limitations on the data.
It is of significant interest that the Li + transference numbers are higher than 0.5,
which is highly unusual for liquid electrolytes(34). This is a byproduct of the use of the highly
bipolar H20 as solvent. More traditional nonaqueous electrolytes display a solvation
preference for the cation, resulting in more freedom of movement for the anion and a
resulting low cation transference number(41). Comparison of the PFG-NMR results with
measured conductivity reveals a value of about .7 for uncorrelated ionic movement, lending
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more weight to the transference numbers being reflective of a majority of the charge
carrying being due to Li+ ion movement.
The NMR diffusion measurements reveal a trend of rising cation transference
numbers as the temperature drops, and also as the salt concentration rises, a desirable
outcome for electrolyte candidates. The 21 m material, which has already been shown to
have a superior electrochemical stability window(40), thus demonstrates a reduced
conductivity (~8 mS/cm at room temperature), but a higher cation transference (~0.7 at
room temperature), which can offset the former and result in a net increase in battery
performance(35).
Molecular Dynamics simulations carried out by Dr. Oleg Borodin of Army Research
Laboratory indicates that there is a nanoscale 3D percolating network which facilitates fast
transport of the Li+ ions (mainly coordinated by H20) through an “anionic framework”.
Small-angle neutron scattering experiments carried out by collaborators further reinforce
this model(35).
4.4 Conclusion
Aqueous battery would offer significant safety and cost advantages over commercial
batteries.

These samples displayed high diffusion values and resulting conductivities

rivalling those of commercial batteries, and outstanding cation transference and ionic
dissociation. There are still challenges to overcome in this system, with cycling issues and
limited electrode compatibility (in particular, Li-metal cannot be used with this system, for
obvious reasons). However, this still represents an important step forward on exploring
parameter spaces previous considered untenable for practical battery application.
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Chapter 5. NMR Study of Glyme-Based Electrolytes
This project was done in collaboration with Dr. Lorenzo Carbone of La Sapienza
University of Rome, and Professor Jusef Hassoun of Ferrara University. The NMR portion of
this work was conducted by Dr. Mallory Gobet and the author at Hunter College. This work
has contributed to publications in ACS Applied Materials and Interfaces (DOI:
10.1021/acsami.7b19544 and DOI: 10.1021/acsami.7b03235), the Journal of Power
Sources (DOI: 10.1016/j.jpowsour.2017.11.079), and Electrochimica Acta (DOI:
10.1016/j.electacta.2017.02.007).
Glymes (ethylene glycol dimethyl ether) have recently been attracting attention as
an interesting alternative liquid electrolyte solvent. They have shown promise for use in a
number of alternative battery chemistries, such as lithium metal, Li-S(8, 9), and even
sodium-based batteries. Glyme-based electrolytes have demonstrated good thermal and
electrochemical properties for battery application(10). They also can serve as a good low
molecular weight version of polyethylene oxide(PEO) to examine the mechanisms behind its
solvation and ion pairing.
The advantages of Li-metal anodes have been discussed in a previous chapter.
Lithium-sulfur batteries demonstrate outstanding gravimetric energy density, far exceeding
that of Li-ion batteries. In addition, they are cheaper to produce(42, 43).
Sodium-based battery chemistries have long been considered an attractive energy
storage alternative, due to their low cost, abundance, and safety, especially during storage
or shipment. Sodium batteries also demonstrate excellent cycling stability (44, 45). Although
sodium is not able to achieve the same cell voltage as Li-ion, resulting in lower energy
density, there exist applications where the cost advantages would outweigh this
drawback(46).
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5.1 Sample Preparation
The glymes investigated in this work range in size from n=1 (DME) through n=4
(TEGDME) up to molecular weight 500 (about n=10, PEG500). Separate solutions of four
different salts were prepared for each glyme – LiTf, LiTFSI, NaTf, and NaTFSI. These
samples were prepared by our collaborators, Dr. Lorenzo Carbone and Professor Jusef
Hassoun. All samples contained 1 m salt concentration. Samples were dried to bring the
water content to below 10 ppm, and were thereafter handled and sealed in NMR tubes in an
Ar-glovebox.

O

CH3

H3C

n

O

Fig. 25: Glyme structure

Fig. 26: Triflate anion
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5.2 Equipment and methods
Variable temperature 1H, 7Li, and

F diffusion experiments were done on on a Bruker
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400 MHz spectrometer located at the NMR Spectroscopy Facility at Hunter College. Due to
the extremely fast quadrupolar relaxation of 23Na, those diffusion experiments were
performed on a Varian 300 MHz spectrometer with a DOTY Z-gradient diffusion probe capable
of extremely high magnetic field gradient capabilities.
Due to the possibility of sample convection at temperatures above room
temperature, a bipolar convection-compensation pulse sequence with longitudinal eddycurrent delay was selected to measure the diffusion(21).

Fig. 27: Bipolar convection-compensation pulse sequence

5.3 Results and Discussion
LiTf and NaTf self-diffusion measurement results are shown in the Arrhenius plots
below.
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Fig. 28: Plots comparing LiTriflate and NaTriflate diffusion results

Some trends become apparent. First, the cation and anion diffusion values are very
similar throughout all the measurements. Cation transferences numbers, accordingly, track
very closely to 0.5 across all measurements. Although at first glance this result might
appear to bolster the practical viability of this solution, it will be seen that for most of the
samples this is due to high ion association (and is therefore a sign of inefficient charge
transfer).
The solvent diffusion values remain similar relative to those of the ions across all
measurements; the consistently higher values indicates more solvent mobility than ion
mobility. These ionic diffusion values suggest an extremely high diffusion-calculated
conductivity, but this is countered by the ionic association. As in the analysis of the
diffusion data in chapter 3, the NMR-calculated conductivity was compared to the ISmeasured conductivity to arrive at the ionic association.
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Ionic Association

Degree of Ioni Association of Ether Based Electrolyte - 1m LiCF3SO3

1.0
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Fig. 29: Calculated ionic association of LiTriflate

The ionic association of the LiTf samples appear to increase with temperature, most
likely due to decreasing solvent dielectric constant, but also to decrease with chain length,
suggesting that the longer chains are better able to properly solvate the ions. This is
corroborated by a natural abundance

O study of the materials carried out by Dr. Jing

17

Peng(47, 48)
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Fig. 30: Chemical shift comparison of 17O data for LiTf vs. LiTFSI (figure
reproduced from Peng et al.(47))

This study revealed that the Li+ ions had a greater affinity for the ether oxygens than
the methoxy oxygen(48). This suggests that an optimal balance may be found between a
decreased ionic association degree for longer chains, and higher conductivity values thanks
to lower viscosity associated with shorter chains.
An especially interesting sample was the DEGDME-LiTFSI, which demonstrated
diffusion results in line with those of the DEGDME-LiTf. However, the IS-measured
conductivity showed much better agreement with the NMR calculated conductivity, resulting
in a significantly lower ion association degree.
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Fig 31. DEGDME-LiTFSI ion association (figure reproduced from Carbone et al.(49))

Note that the authors chose to plot this data as a function of inverse temperature,
although it is the same temperature range as the LiTf ion association plot above. The

17

O

plot reveals significantly higher shifts for the LiTFSI measurement when compared to the
LiTf, indicative of higher solvation.
These plots reveal not only much lower ion association, but also a reversed trend –
the ionic association degree decreases with temperature, in contrast to the LiTf results.
This indicates a different temperature dependence for the solvent-salt interactions with the
LiTFSI salt. These results were promising enough that the electrolyte has been used in test
Li-S battery cells which demonstrated very high energy density and cycling stability(49).
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Fig. 32: DME- and DEGDME-NaTf ion association (figure reproduced from Carbone
et al.(50))

Electrochemical tests were carried out on two of the more promising sodium-based
electrolytes. DME-NaTf and DEGDME-NaTf demonstrated quite high ion association values,
again increasing with temperature as with the LiTf. Nevertheless, the high measured
conductivity values (on the order of mS/cm) has motivated the construction of test cells
based around the DEGDME-NaTf sample, which so far have demonstrated encouraging
results in a Na/S cell with about 450 mAh/g reversible capacity and low polarization.
5.4 Conclusion
Studies of these glymes have revealed that certain combinations can act as suitable
electrolytes for interesting novel battery chemistries. In particular, Li-S and sodium-based
batteries may find more practical viability through glyme-solvent electrolytes. Further
electrochemical investigations are planned on the remaining samples to identify additional
possible battery applications.
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